Endothelial protein kinase C (PKC) signaling was investigated in different regions of normal porcine aorta. The locations map to differential atherosclerotic susceptibility and correlate with sites of disturbed (DF) or undisturbed (UF) local flow profiles. Endothelial lysates were isolated from the inner curvature of the aortic arch (DF; athero-susceptible) and a nearby UF region of the descending thoracic aorta (UF; athero-protected), and in some experiments a distant athero-protected UF site, the common carotid artery. Total endothelial PKC activity in the DF regions was 145% to 240% of that in both UF locations (PϽ0.05), whereas the UF regions were not significantly different from each other. PKC protein isoforms ␣, ␤, ⑀, , , and were expressed in similar proportions in both aortic regions, suggesting that differences of kinase activity were not directly attributable to expression levels. Inhibition of members of the "conventional" and "novel" PKC families had no differential effect on regional kinase activity. However, inhibition of PKC, a member of the "atypical" PKC family, reduced the DF lysate kinase activity to that of UF levels (NS Pϭ0.35). Differential phosphorylation of PKC Thr410 and Thr560, along with increased levels of PKC degradation products in UF endothelial lysates, suggested posttranslational modification of PKC as the basis for site-specific differences in vivo. Steady-state regional heterogeneity of an important family of regulatory proteins in intact arterial endothelium in vivo may link localized athero-susceptibility and the associated hemodynamic environment. (Circ Res. 2005;97:443-449.)
I n regions of the arterial vasculature that exhibit complex hemodynamics associated with laminar flow separations and transient turbulence (collectively "disturbed flow", DF), there is a predilection for the development of atherosclerotic lesions. 1 The regulation of endothelial biology by hemodynamic forces, particularly shear stress, is well established, 2 as is the link between endothelial functional changes, and by implication phenotype, to the focal initiation and development of lesions. 3 We have proposed that endothelial phenotypic heterogeneity within arteries over relatively short length scales accounts for localized athero-susceptibility while adjacent regions are protected. 4 The diversity of endothelial phenotype from different vascular beds persists in tissue culture as demonstrated by transcript profiles of cultured endothelial cells isolated from distinct anatomic locations. 5 Functional heterogeneity, demonstrated by variations in lymphocyte recruitment, has also been shown in endothelial cells cultured from different organs. 6 Investigations over a narrower spatial scale and conducted on endothelium directly isolated from fresh arteries has recently revealed differential transcriptional regula-tion of athero-protective and athero-susceptible pathways in discrete aortic locations. 7 A similar spatial approach to the aortic valve endothelium has revealed side-specific transcript expression. 8 Together these studies demonstrate that endothelial cells in vivo display a range of phenotypes. Regional susceptibility to, or protection from, pathological change is likely related to such endothelial heterogeneity.
The biology of endothelium residing at locations that predictably develop atherosclerotic plaques can be investigated by studying the phenotype differences between atherosusceptible and athero-protected vascular regions in situ or after isolation from circumscribed locations. The spatial distribution of phenotype diversity in vivo has been demonstrated at the transcript level by microarray analysis 7 but few studies have addressed protein expression, posttranslational modifications, and cell function in relation to hemodynamics and focal/regional vulnerability to atherosclerosis.
PKC is a prominent example of a regulatory signaling pathway that links extracellular events to intracellular responses, and which has been directly implicated in atherogenesis. Among its many roles, PKC activity is necessary for leukocyte recruitment 9 and free radical production by endothelial cells in diabetic atherosclerosis, 10 and mediates ICAM-1 upregulation. 11 PKC is a family of serine/threonine kinases which have been divided into 3 classes of isozymes based on their domain structure and activity profiles. The "conventional" family of PKCs (␣, ␤, ␥) is Ca 2ϩ -dependent, diacylglycerol (DAG) sensitive, and can be activated by phorbol esters. The "novel" family (␦, ⑀, , ) is Ca 2ϩindependent, DAG sensitive, and activated by phorbol esters. The "atypical" family (, , ) is Ca 2ϩ -independent and DAG and phorbol ester-insensitive. PKC isozymes have also been shown to require phosphorylation for full activity. 12 The intracellular localization of each isozyme is mediated by specific anchoring proteins, 13 having a profound impact on the substrate specificity of individual PKC isozymes. At least 2 isozymes (␤ and ⑀) were previously found to be shearsensitive in vascular endothelial cells in culture. 14, 15 Here we investigate regional heterogeneity of endothelial PKC expression and activation at arterial locations distinguished both by different hemodynamic characteristics and athero-susceptibility, and report site-specific differences in PKC activity and posttranslational modifications.
Materials and Methods
Expanded materials and methods are available in the online supplement at http://circres.ahajournals.org.
Sample Isolation
The ascending aorta, aortic arch, descending thoracic aorta, and common carotid arteries were dissected from adult male pigs obtained immediately after euthanization (Hatfield Industries, Hatfield, Pa). The tissues were flushed with sterile ice-cold PBS and incised lengthwise ( Figure 1 ). Endothelial cells were gently scraped from 2 cm 2 regions located (i) at a region of flow separation and disturbance (DF), the inner curvature of the aortic arch, (ii) a nearby region of undisturbed unidirectional flow (UF) in the descending thoracic aorta, and (iii) the mid-section of the common carotid artery, a second UF site. The presence of flow reversal in the aortic arch of adult boars, similar to that measured in humans has been previously confirmed. 7 The cells were transferred directly into 100 L of lysis buffer (TBS, 1% Triton X-100, protease and phosphatase inhibitors) and snap-frozen in liquid nitrogen for transport to the laboratory. The lysates were thawed, agitated for 10 minutes at 4°C, centrifuged at 10 000g for 10 minutes at 4°C, and the supernatant was collected and stored at Ϫ80°C. We have previously characterized the purity of endothelial cell isolates by immunocytochemistry; 7 as a further check, immunoblotting for the smooth muscle cell marker calponin was performed on each sample (online Figure I ). Any sample that showed detectable calponin was discarded.
Immunohistochemistry
The aorta was collected as in sample isolation, then fixed in 4% paraformaldehyde. Small sections (25 mm 2 ) were cut from the aortic arch (DF) and the thoracic aorta (UF). The same anti-PKC antibody was used along with an Alexa-647 conjugated secondary antibody. Cell nuclei were counterstained with SYTOX Green and imaging was performed on a BioRad Radiance 2000 confocal microscope.
Immunoprecipitation
Lysates (50 g) were incubated on a shaking platform with protein A coated agarose beads (Oncogene) for 1 hour in lysis buffer to preclear nonspecifically-binding proteins. The primary antibody was added to the cleared lysate and incubated overnight at 4°C. Protein A beads were added and the incubation was continued for an additional 2 hours. The beads were then collected by centrifugation and washed 5 times in cold lysis buffer. Protein was eluted with a low pH buffer (Immunopure IgG Elution Buffer, Pierce Biotechnology) at room temperature.
Immunoblotting
Five g of protein was electrophoresed in a 4% to 12% polyacrylamide gel (Invitrogen) under denaturing and reducing conditions and transferred onto a PVDF membrane. After blocking, the membrane was incubated for 1 hour with primary antibody. After 3 washes in PBS-T the membrane was incubated for 1 hour with HRP-conjugated secondary antibody. Detection was performed by chemiluminescence (Western Lightning Reagents, Perkin Elmer Inc). Following development, the films were digitally scanned and stored as highresolution TIFF images. The program ImageJ (NIH) was used for densitometric quantification of blots. In the preparation of each gel for quantification all samples were loaded onto a single gel and statistical tests were performed only within that gel.
PKC Activity Assay
PKC activity was measured by the transfer of 32 P-phosphate to a synthetic peptide substrate (EMD Biosciences). 5 L of protein lysate was incubated with ␥ 32 P-ATP and a biotinylated substrate for 5 minutes at 37°C. Reactions were terminated with the addition of 8 mol/L guanidine hydrochloride and collected on avidin-coated spin columns. Radioactivity was measured by liquid scintillation. As a positive control, 5 ng of recombinant PKC (EMD Biosciences) was used. Two negative controls were run, one in which no substrate was added and another in which no kinase was added. All samples were run in triplicate. For each sample the specific activity was calculated as the amount of phosphate transferred per minute per milligram of total protein (pmol PO 4 /min/mg). For inhibition experiments, PKC inhibitors were added to the reaction mixture before the addition of ␥ 32 P-ATP.
Data Analysis
For each comparison, data from 4 animals were used. All quantitative data (protein concentrations, immunoblot densitometry, and PKC activity) were entered into Microsoft Excel for analysis and statistical testing. The comparison of means between groups was performed using Student t test. Results were considered statistically significant at probability values Ͻ0.05.
Results

Site-Specific PKC Activity in Porcine Arterial Endothelium
PKC activity in the endothelium of adult male pigs was measured using an in vitro kinase assay ( Figure 2 ). To maintain consistent with our previous work, 7 the inner curvature of the aortic arch and the proximal thoracic aorta were studied. Important distinctions between the sites are the presence of characteristic DF and UF hemodynamics in vivo and differential susceptibility to atherosclerosis. Kinase activity was also measured in endothelial lysates from the middle section of the common carotid artery, a more distant region of UF hemodynamics. Endothelial cell lysates from the DF region had 45% higher PKC activity (all isoforms) than matched samples from the thoracic region (29Ϯ5 versus 20Ϯ3 pmol PO 4 /min/mg, PϽ0.05) and 140% higher activity than in the common carotid (29Ϯ5 versus 12Ϯ4 pmol PO 4 /min/mg, PϽ0.05). Carotid artery endothelial lysates (UF) had activities similar to those isolated from the aortic UF site (12Ϯ4 versus 20Ϯ3 pmol PO 4 /min/mg, pϭNS). These data suggested that hemodynamics, either directly or indirectly, regulate endothelial PKC activity. The levels of PKC activity are in the range reported for nonactivated cells, 16 consistent with normal (nonatherosclerotic) healthy animals. In contrast, PKC activity levels in pathological settings have been reported 1 to 2 orders of magnitude higher. 17
Expression Levels of PKC Isozymes Are Unrelated to Site-Specific Differential Activity
Previous reports have identified several PKC isozymes in cultured aortic endothelial cells; 18 however, limited data are available concerning endothelial isoforms in vivo. A series of immunoblots (online Figure II) to identify the isoforms and their expression levels after removing endothelium directly from the artery revealed the presence of PKC isozymes alpha (␣), beta (␤), epsilon (⑀), iota (), lambda (), and zeta () ( Figure 3 ). All PKC isoforms were expressed in both DF and UF regions. To semiquantitatively measure the amount of each isozyme, 4 paired samples were run together on an immunoblot and measured by densitometry ( Figure 3 ). Except for PKC␣, no statistically significant differences were observed. Endothelial cell lysates from the UF aortic region contained 1.6-fold more PKC␣ than matched DF lysates (PϽ0.05), a result inconsistent (on the basis of PKC mass) with the lower PKC activity measured in the UF aortic region. One possible explanation for this discrepancy is that the active PKC␣ could translocate to a Triton-insoluble location, and thus not be detected in our lysates. These data demonstrate that the site-specific differential PKC activity could not be explained by transcriptional or translational regulation of isozyme expression, because expression of all isozymes except PKC␣ was unchanged between the 2 regions, and PKC␣ levels did not justify the higher activity levels measured in the aortic arch (DF).
Differential Activation of PKC in the Aortic Arch
To determine the contributions of different PKC isozymes to the overall PKC activity, a series of in vitro kinase assays were run in which the reaction conditions were manipulated to inhibit specific PKC isozyme families (Figure 4 ). In the first set of experiments, the activator solution (3 mg/mL phosphatidylserine, 300 g/mL diacylglycerol (DAG), and 3% Triton X-100) was withheld from the reaction mixture (ϪDAG). Although the absence of phosphatidylserine lowered the overall activity of all PKC isozymes, the site-specific differences in activity were retained (15Ϯ1 versus 7.9Ϯ0.6 pmol PO 4 /min/mg, PϽ0.05). Because only the conventional and novel PKC families are DAG sensitive, the data suggested that the atypical PKC family was differentially regulated between the 2 sites. To confirm this, staurosporine (10 nM) was added to the reaction mixture (ϩStauro). At low concentrations staurosporine is reported to preferentially inhibit the conventional and novel isoforms of PKC. 19 This selectivity was verified in our assay by testing staurosporine on recombinant PKC isozymes. Recombinant PKC was inhibited by 70% (440Ϯ2 versus 150Ϯ9 pmol PO 4 /min/g, PϽ0.01) while PKC was unaffected (79Ϯ5 versus 80Ϯ2 pmol PO 4 /min/g) at 10 nM. At this concentration of staurosporine the PKC activity in aortic arch endothelial lysates (DF) remained significantly higher than the activity in the UF aorta lysates (32Ϯ7 versus 16Ϯ6 pmol PO 4 /min/mg, PϽ0.05), consistent with the experimental data in which DAG was withheld. Both interventions strongly suggested that the atypical class of PKC was responsible for the difference between the UF and DF regions. To distinguish between the individual atypical PKC isozymes, the in vitro kinase assay was repeated using a PKC pseudosubstrate peptide (40 mol/L) that inhibits kinase activity by competing for the substrate-binding site on the enzyme (ϩPKC Inh). Again, to verify the selectivity of this inhibitor it was tested on recombinant PKC, which was not significantly inhibited (150Ϯ8 versus 120Ϯ14 pmol PO 4 /min/g, pϭNS) by the zeta pseudopeptide. Addition of the pseudosubstrate PKC inhibitor eliminated the difference in activity between the 2 regions (18Ϯ6 versus 21Ϯ6 pmol PO 4 /min/mg, Pϭ0. 35) . These 3 lines of evidence suggest that there were increased levels of PKC activity in the athero-susceptible aortic arch (DF).
Many studies have demonstrated intracellular translocation of PKC isozymes on activation. To observe the distribution of endothelial PKC in the aortic arch (DF) and in the thoracic aorta (UF), en face confocal immunohistochemistry was performed. In both regions the endothelial PKC was primarily perinuclear ( Figure 5 ). There were no obvious changes in either PKC abundance or localization, consistent with our immunoblots. In both the PKC staining and the nuclear counterstain (insets) the thoracic endothelial cells are elongated whereas the arch cells are more rounded, representative of the hemodynamic differences between these regions.
Site-Specific PKC Phosphorylation Differences
Endothelial protein lysates (50 g) from the aortic arch (DF) and the thoracic aorta (UF) were immunoprecipitated using an antiphosphothreonine antibody, followed by PKC immunoblotting. The amount of PKC in the lysates before immunoprecipitation (Total PKC) was equal for all samples. As shown in Figure 6A , there was substantially more phosphorylated PKC (3) in the UF region than in the DF aortic arch, in apparent contradiction to increased PKC activity in the DF region. To verify that the 70kDa band was phosphorylated PKC, lysates (mixed UF and DF samples) were treated with lambda phosphatase (ϩPO 4 tase) or a blocking peptide (ϩPeptide). Densitometric quantification of phospho-PKC (70kDa band) recovered by antiphosphothreonine immunoprecipitation showed 4-fold higher levels in the UF aortic region than in the DF arch (110Ϯ19 versus 24Ϯ6 AU, PϽ0.05) ( Figure 6B ). However, unlike other isoforms of PKC, phosphorylation of PKC threonine (Thr) can either activate the kinase or target the protein for degradation, depending on the site of phosphorylation. 20 Phosphorylation of Thr410 in the activation loop leads to increased activity whereas phosphorylation of Thr560 promotes degradation. Autoradiographic experiments using mutated PKC do not suggest the presence of any other phosphorylation sites in PKC. 21 The appearance of PKC breakdown products 22 at 25kDa and 50kDa (‹) in UF lysates but not DF lysates ( Figure 6A ) suggested that phosphorylation of the enzyme in the UF region was likely occurring at Thr560, the degradative site, rather than in the activation loop site (Thr410). Although no antibody exists for phospho-Thr560, an antibody for phospho-Thr410, the other site of threonine phosphorylation in PKC, was used to probe ( Figure 6C ) the protein lysates precipitated for phosphothreonine in Figure 6A . Levels of phospho-Thr410, a proxy for activated PKC, were elevated 4-fold in the aortic arch (DF) ( Figure 6D ). This is in contrast to the levels of phospho-PKC seen in Figure 6A , which implies that the "missing" phosphothreonine in the UF immunoprecipitates is phospho-Thr560. This evidence, although necessarily indirect, suggests that posttranslational destabilization of PKC in the UF region of thoracic aorta leads to the observed decreased kinase activity compared with the DF site in the arch.
Discussion
Endothelial cells with distinct morphologies, ultrastructural features, and specialized functions are distributed throughout the body, with phenotypes matched to the diverse vascular beds in which they reside. However, over the past decade there is a growing realization that more subtle heterogeneities exist within the same artery over shorter length scales. 4, 7, 23 In large arteries, such spatial differences have been linked to the localization of pathological susceptibility. It has been appreciated for more than a century that atherosclerotic lesions develop in regions of arterial geometry that contemporary imaging and mathematical modeling identify as coincident with complex patterns of blood flow. The association of vascular heterogeneity with predisposition to atherogenesis provides an investigative rationale to study the link between the endothelial responsiveness to hemodynamics and atherosusceptibility or protection. Recent studies have demonstrated differential endothelial gene expression linked to putative atherogenic mechanisms both in cultured cell models 24 and in vivo/in situ. 7, 23 The present study extends regional endothelial heterogeneity to the level of the PKC signaling pathway in normal swine aortic endothelium. We show that although the endothelial cells in the aortic arch and the near-adjacent thoracic aorta express the same complement of PKC isozymes, the kinase activity was higher in the DF region, a difference attributable to activation of the atypical isozyme PKC. Furthermore, the posttranslational modification of PKC in DF diverged from that in UF, with consistent functional consequences. Interestingly, the intracellular localization of the enzyme was unchanged between the 2 regions, suggesting that in endothelial cells obtained from healthy animals the translocation of PKC to the plasma membrane, a traditional marker of activation, requires an additional stimulus.
One of the key findings of this study was the difference in posttranslational PKC modifications between the 2 regions. In the thoracic aorta (UF), where the PKC activity was lower, enzyme phosphorylation occurred preferentially on Thr560, as inferred by the lack of phosphorylation on Thr410. In contrast, in the aortic arch (DF) PKC phosphorylation appeared on Thr410, with low levels of phosphorylation on Thr560. It has been shown that phosphorylation at Thr560 reduces the stability of the enzyme without affecting the kinase activity while phosphorylation of the activation loop (Thr410) confers increased catalytic activity. 20 The pattern of PKC modifications reported here is fully consistent with these reports. Other groups studying PKC processing by caspases have noted that the full-length kinase is degraded as rapidly as it is produced, 22 implying tight regulation of this enzyme. Despite the evidence for decreased degradation in the aortic arch (DF), the observed levels of cytoplasmic PKC Figure 6. Regional differences in the posttranslational modification of PKC. A, Protein lysates from the aortic arch (DF) and the thoracic aorta (UF) were immunoprecipitated using an antiphosphothreonine antibody, followed by PKC immunoblotting. Significantly more phosphorylated PKC (3) was observed in the thoracic aorta (UF) than in the aortic arch (DF). However, unlike other isoforms of PKC, phosphorylation of PKC can target the protein for degradation, observed as breakdown products of 25 kDa and 50 kDa (‹). Before immunoprecipitation PKC was equal in all samples (Total PKC). To verify the identity of these bands, the lysates were treated with lambda protein phosphatase (ϩPO 4 tase) or a blocking peptide (ϩPeptide). B, Densitometric quantification of phospho-PKC (70-kDa band) recovered by anti-phosphothreonine immunoprecipitation showed 4-fold higher levels in the UF aortic region than in the DF arch (110Ϯ19 vs 24Ϯ6 AU, PϽ0.05). C, The protein lysates precipitated for phosphothreonine (from A) were then probed with a phospho-specific PKC (Thr410) antibody to show phosphorylation of the activation loop. D, More (4-fold) phospho-Thr410 was seen in the arch (DF) than in the thoracic aorta (UF). All measurements are the average of 4 independent samples, except for the Thr410 blot which was measured in duplicate samples. Negative control lanes (Ϫ) are bead-only immunoprecipitates. *PϽ0.05.
were equal in the 2 regions. We speculate that a portion of the PKC in the thoracic arch (UF) remains identifiable on an immunoblot but has lost kinase activity attributable to posttranslational modifications. PKC is not the only isozyme controlled through a degradative pathway; other PKC isozymes including PKC␦, 25 PKC, 26 and PKC␣ 27 appear to be regulated by degradation of the enzyme.
The endothelial susceptibility to atherosclerosis and other disease pathologies varies throughout the vasculature. Recent work in our laboratory 7 and elsewhere 5, 28, 29 has begun to demonstrate how endothelial cells located in discrete regions exhibit variable phenotypes that may be "primed for disease" by their local environment. Whether hemodynamics in vivo is directly causative for atherosclerotic susceptibility or merely correlated with an alternate mechanism (eg, structural or developmental differences) is unresolved. However, many labs have demonstrated in vitro that shear stress directly influences enzymes, adhesion molecules, receptors, and structural cytoskeleton, 30 -35 multiple independent promoter elements, 34, 35 and transcription factors such as NF-B and Pyk-2. 36, 37 The Src and MAP kinase pathways are shearsensitive, 38, 39 suggesting that extracellular forces elicit gene expression through cytoplasmic signaling cascades. In this context, our findings offer a glimpse into how endothelial cells can respond differently when biochemical stimuli are superimposed on a diverse hemodynamic environment.
A useful and important methodology for understanding localized effects on the vascular endothelium is to study the cells in their natural environment. In contrast to cells studied in culture, the endothelial cells in this study were maintained until analysis in their natural setting exposed to physical forces such as shear, tension and pressure, cell-cell interactions with smooth muscle cells and circulating cells, and to soluble factors from both the blood and the adjacent tissue. However, the study of discrete in situ areas also presents experimental difficulties relating to the small amount of material with which to work. In this study these limitations were most apparent in 2 areas. First, because only the detergent-soluble cell fraction yielded enough material to study, we were unable to measure PKC abundance and activity in insoluble fractions. Although confocal imaging does not lead us to believe that there is significant PKC translocation to the cell membrane or nucleus in either aortic region, it remains possible that the regulation of PKC is spatially heterogeneous within the cell. Second, the limited sample material precludes the direct analysis of PKC phosphorylation by mass spectrometry. Although we were able to show differential phosphorylation of Thr410, the evidence for the converse regulation of Thr560 is predicated on the hypothesis that there are only 2 sites of threonine phosphorylation in PKC. Although this is consistent with all published reports, mass spectrometry would conclusively demonstrate the presence or absence of alternative phospho-sites. Despite these limitations, we believe that measurements of endothelial heterogeneity derived directly from the in vivo state are of high value.
The association of increased endothelial PKC activity with a site of increased susceptibility to atherosclerosis may reflect the function of this isozyme in endothelial cells.
Genetic disruption of PKC in mice has been found to impair NF-B activation, 40 leading us to speculate that the heterogeneity of PKC activity observed in this study may contribute to the upregulation of NF-B pathway elements, which we have previously observed in the DF region. 7 The activity of PKC has also been shown to regulate thrombin-induced vascular permeability changes. 41 This is also consistent with our findings; regions with disturbed flow are well known to have increased permeability to macromolecules such as protein and lipids. Javaid et al reported that PKC phosphorylation of ICAM-1 was necessary for receptor clustering and subsequent leukocyte binding. 42 This is again consistent with a mechanism by which locally increased PKC activity contributes to the atherosclerotic phenotype. Because of the vast number of potential targets, we have begun a proteomicsbased approach to characterize the downstream PKC targets. Comprehensive identification of PKC substrates will allow us to better understand how the differential regulation of PKC presented in this study is affecting the endothelial phenotype and the susceptibility to atherosclerosis.
In summary, we identify differences in PKC activity of endothelial cells from adjacent sites that are differentially susceptible to atherosclerosis and experience different hemodynamic environments. In addition to improved understanding of the normal-to-pathology transition, an understanding of the differences that account for susceptibility and protection may identify biomarkers predictive of disease transition and progression, and potential targets for novel pharmaceutical interventions.
